With agricultural expansion in Amazonian regions, studies are needed to verify the effect of mechanization on the soils of the regions. This study aimed to assess soil physical attributes under different compaction conditions induced by tractor traffic on a soil of southern Amazonas State, Brazil. Treatments consisted of three compaction levels: conventional soil tillage without additional compaction (CT) and conventional soil tillage with additional compaction with four (CTc4) and eight tractor passes (CTc8). An intense increase in soil aggregate diameter was observed in the superficial soil layer (0.00-0.05 m) from four tractor passes, decreasing in the successive soil layers (0.05-0.20 m). Soil density increased up to a depth of 0.10 m. The reduced macroporosity and soil moisture on the soil surface (0.00-0.05 m) did not significantly alter soil microporosity in the different treatments. For the macroporosity, the 0.00-0.05 m layer was the most impaired, with a reduction of more than 50% for the treatments submitted to compaction (CTc4 and CTc8). The penetration resistance for the 0.00-0.05 m layer was increased by more than 150% between the treatment without compaction (CT = 0.88 MPa) and compaction (CTc4 = 2.25 MPa; CTc8 = 2.50 MPa). These results show a greater caution in the agricultural machinery management in Amazonian soils, which may be aggravated due to the intense water regime in the region.
INTRODUCTION
The advance of agriculture in Rondônia State may open the frontiers of agriculture in southern Amazonas State. Considering that the Amazon has a very specific climate and soils, there is a concern that agricultural machinery and technologies be used in this region without sufficient knowledge to predict the consequences. In fact, little is known about the problems related to soil compaction resulting from mechanized operations performed under Amazonian conditions (Bergamin et al., 2010) .
The high traffic of agricultural machinery and implements on the soil, together with the high weight per axle, are the main factors of compaction that decrease crop yields (Arvidsson and Hakansson, 2014) . These conditions change soil physical quality, which is accentuated by the intensity of machinery passes, thus affecting plant growth and development, mainly the roots (Lipiec et al., 2012) . The result of these physical changes is a decrease in productivity over the years and RESEARCH an increase in production costs (Collares et al., 2008; Bergamin et al., 2010) . For wheat, for example, crop yield can be reduce by up to 10% in compacted soils (Obour et al., 2018) .
In general, compaction process promotes an increased soil density and soil penetration resistance, reducing macroporosity, aeration, and infiltration and storage of water in the soil (Lipiec et al., 2012; Cortez et al., 2014; Deperon Júnior et al., 2016) . However, the way and intensity of this process depend on soil type, management, and climate, reflecting mainly on soil water content (Cheong et al., 2010) since there are moisture bands that make the soil more or less susceptible to compaction (Michelon et al., 2009) .
In a study conducted under tropical semi-humid climate in the Midwest of Brazil, in an Oxisol under corn cultivation, the machinery traffic affected soil physical attributes up to the 0.10 m layer (Bergamin et al., 2010) , while under an Ultisol in the semiarid of the Northeast region, changes did not exceed the 0.05 m layer (Cortez et al., 2014) . In the Southeast region, under a tropical altitude climate, Cunha et al. (2009) observed a soil compaction in the 0.00-0.20 m layer. In a soil from the South of Brazil with a subtropical climate, Suzuki et al. (2007) observed that the degree of compaction corresponding to critical values of macroporosity (0.10 m 3 m -3 ) and penetration resistance (2 MPa) were higher in an Ultisol when compared to an Oxisol. According to these authors, the critical values of macroporosity and penetration resistance depend on soil type, climatic conditions, and crop type.
In the Amazon region, soil compaction studies tend to be intensified, due to the conversion of native forest to agricultural use (Oliveira et al., 2015) . Currently, the conversion is carried out only for profit and does not consider the soil's ability to support the external forces deforming physical attributes, providing their degradation in the early years of farm. Often, this reflects the lack of previous studies in this alignment for the state of Amazonas, possibly because there was a series of environmental legislation that prohibited the agricultural management in large areas in the state, causing the reduced number of investigations, mainly the physical quality of the soil. In addition, the immensity of the state, lithological diversity, and consequently pedological (Campos, 2009) , indicate that the soils present specific characteristics that should be considered, aiming at the more assertive use and planning of agricultural practices by soil class.
Several studies on soil compaction can be found in the literature, but most of them were conducted under Oxisols or Ultisols, probably due to their greater occurrence in Brazil. In addition, these studies were carried out in regions with climate and agricultural activities very different from those found in the Amazon region (Collares et al., 2008; Cunha et al., 2009; Giarola et al., 2009; Roque et al., 2010; Bergamin et al., 2010; Arvidsson and Hakansson, 2014; Cortez et al., 2014) . Therefore, these results cannot probably be applied in the Amazonian Inceptisols under equatorial climate conditions. Considering that few scientific studies on soil compaction are developed under the Amazonian conditions, it is imperative that this type of study be conducted in this new agricultural frontier. Thus, this study aimed to assess the physical attributes of an Inceptisol under different compaction conditions induced by tractor traffic in southern Amazonas State.
MATERIAL AND METHODS
The experiment was installed in an Inceptisol (Cambissolo Háplico alítico plíntico, Brazilian Soil Classification). According to Campos (2009) , this soil is predominant in high-field areas in southern Amazonas. The study area was located in the experimental farm of the Institute of Education, Agriculture, and Environment (IEAA/UFAM), Universidade Federal do Amazonas, Humaitá (7°30'24" S, 63°04'56" W), Amazonas (Figure 1 ). This region has a relief similar to plains, with very small slopes and slightly convex edges. It presents a vegetation of contact between fields and forests, which is characterized by areas that include several campestral formations, with a prevailing small grassy-woody vegetation that alternates with small isolated trees and forest galleries along the rivers (Braun and Ramos, 1959) .
The experimental design was a randomized block design with three treatments and 12 replicates (Figure 1 ). Treatments consisted of three compaction levels: conventional soil tillage without additional compaction (CT), and conventional soil tillage with additional compaction with four (CTc4) and eight tractor passes (CTc8), respectively. Plot dimensions were 5 × 4 m (length × width), totaling 20 m 2 . Soil compaction induction was performed on 13 November 2011, 2 d after an intense rainfall, when soil had a water content of 0.28 kg kg -1 in the 0.00-0.20 m layer. An agricultural tractor (MF 4291, Massey Ferguson, Duluth, Georgia, USA) of 140 hp was used in the experiment, presenting diagonal tires, a total mass of 6 Mg, and with front and rear tires with pressures of 124 kPa (14.9-28 R1) and 137 kPa (23.1-30 R1), respectively. Compaction process was performed by passing the tractor wheels on the surface area of the experimental plots. The number of passes varied according to the treatment, being the traffic superimposed on the previous one aiming at the same number of passes.
Soil samples with preserved structure were collected from the 0.00-0.05, 0.05-0.10, and 0.10-0.20 m layers for physical analyses by using volumetric rings with dimensions of 4.0 cm in height and 4.05 cm. Four samples were taken per layer in order to reduce the risk of losing some replicate. Soil chemical characterization was performed in the 0.00-0.20 m layer, as well as the particle size analysis, which was determined by the pipette method (Embrapa, 1997) . For these analyses a composite sample was obtained from the experimental area from 15 random points. The presented values of clay, silt, and sand of 320, 600, and 80 g kg -1 , respectively, in the first 0.20 m, which means a silty clay loam textured soil. Soil chemical characteristics were determined according to Embrapa (2011) , 0.01 mg P kg -1 , 0.02 cmolc K kg -1 , CEC at pH 7 of 7.91 cmolc kg -1 , and base saturation of 32.18%. Soil samples with preserved structure were saturated by gradually raising the water slide to about 2/3 of the ring height. After saturation, macro (60 hPa) and microporosity (Micro, dry soil) were obtained by the tension table method. Subsequently, samples were dried in an oven at 105-110 °C for 48 h in order to determine the volumetric soil moisture (Ms) and bulk density (Sd) by the volumetric ring method (Tormena et al., 1998) . Total pore volume (TPV) was calculated by the equation TPV = (1 -Sd/Pd) × 100. The particle density (Pd) was determined as Blake (1965) .
Soil penetration resistance was determined in each plot by using an IAA/Planalsucar impact penetrometer and the results were obtained by calculation according to Stolf (1991) through the equation SPR = (5.6 + 6.89 × (N/(A -B) × 10) × 0.0981. In this equation, SPR is the average value of soil penetration resistance (MPa), N is the number of impacts of the penetrometer hammer to obtain the reading, and B and A are the readings before and after impacts, respectively (cm). Sampling was performed in the 0.00-0.50 m layer at intervals of 0.05 m.
Aggregate distribution was determined in three soil layers (0.00-0.05, 0.05-0.10, and 0.10-0.20 m) by the wet sieving method. For this, blocks of soil with preserved structure were taken from the experimental area, being air-dried and sieved in 9.52 and 4.76 mm sieves. Aggregates retained in the 4.76 mm sieve were used in the analysis of aggregate stability via wet, which was performed by placing the samples on a set of sieves with meshes of 2.0, 1.0, 0.50, 0.25, 0.125, and 0.063 mm and submitting them to vertical oscillations for 15 min at a frequency of 32 oscillations per minute. The mass of the material retained in each sieve was dried in an oven at 105 °C until constant weight. The percentages of aggregates > 2.00 mm and < 2.00 mm, geometric mean diameter (GMD), and weighted mean diameter (WMD) were adopted as stability indices, which were calculated as Kemper and Rosenau (1986) . Initially, an exploratory statistical analysis of the data was performed. For this, after variable standardization with the null mean and unit variance, the data were submitted to three multivariate statistical approaches: clustering analysis by the hierarchical method using the Euclidean distance as a coefficient of similarity, Ward method as an algorithm to link clusters (Hair et al., 2005) , and principal component analysis to discriminate soil samples with specific properties in twodimensional planes generated from the eigenvalues of the covariance matrix obtained from the original variables (Hair et al., 2005) . Only eigenvalues higher than the unity were considered in the analyses, according to the criterion proposed by Kaiser (1958) . All multivariate statistical analysis was processed using the software Statistica 7.0 (StatSoft, Tulsa, Oklahoma, USA). A univariate statistical analysis was also performed and its results were submitted to ANOVA (F-test) and the means were compared by the Tukey's test at 5% probability. The univariate statistics were processed using the software ASSISTAT (Silva and Azevedo, 2002) .
RESULTS
In general, in the cluster analysis, the dendrogram (Figure 2 ) evidenced the formation of two groups in the 0.00-0.05 m layer and three groups in the 0.05-0.10 and 0.10-0.20 m layers, allowing grouping treatments with characteristics similar to each other. Group 1 (GI) was composed of CT in the 0.00-0.05 and 0.05-0.10 m layers, which presented the lowest CT: Conventional soil tillage without additional compaction; CTc4 and CTc8: conventional soil tillage with additional compaction by a 6 Mg tractor traffic with four and eight passes, respectively. values of Ds, SPR, and diameter < 2 mm. The 0.10-0.20 m layer was composed of CT and CTc4, which did not effectively influence soil physical attributes, considering that soil surface layer receives all applied pressure, with the dissipation of compaction pressure as it enters the soil profile (Figure 2) .
The second group (GII) was composed of CTc4 and CTc8 in the 0.00-0.05 m layer, being characterized by higher values of SPR, Ds, and diameter < 2 mm, as well as lower values of GMD, WMD, diameter > 2 mm, Ms, total porosity (Pt), and Macro, while the other layers included all treatments (CT, CTc4, and CTc8) (Figure 2 ). On the other hand, the third group (GIII) was composed mainly of treatments with additional soil compaction (CTc4 and CTc8).
Principal component analysis (PCA) was applied in order to verify the relationship between soil attributes and soil tillage systems. The set of physical attributes was used for the studied layers considering only the first two factorial axes (Figure 3) . Regarding the percentage of variance explained by the principal components, PC1 and PC2 were responsible for 89.39% of the total variance in the 0.0-0.05 m layer (79.61% in PC1 and 9.78% in PC2), 69.81% in the 0.05-0.10 m layer (43.41% in PC1 and 26.40% in PC2), and 60.83% in the 0.10-0.20 m layer (42.10% in PC1 and 18.73% in PC2) (Figure 3) .
From PCA, variables with the greatest discriminatory potential for each treatment were identified ( Table 1 ). The eigenvectors can be considered as a measure of the relative importance of each variable in relation to the principal components, with positive or negative signals indicating directly or inversely proportional relations, respectively. In the sequence (0.05-0.10 m), the diameters > 2 mm and < 2 mm, Ds, Ms, and Pt most correlated in PC1 and GMD in CP2. Moreover, in the 0.10-0.20 m layer, Ms, Pt, and Micro contributed to PC1 and the aggregates > 2 mm and < 2 mm to PC2.
The univariate analysis showed that the different tractor passes changed the values of GMD, WMD, > 2.00, and < 2.00 only in the surface layer (0.00-0.05 m) ( Table 2) . SPR was changed up to the arable layer of 0.20 m (Table 3) , as well as moisture and porosity, as verified by other authors (Bergamin et al., 2010; Deperon Júnior et al., 2016) . CT: Conventional soil tillage without additional compaction; CTc4 and CTc8: conventional soil tillage with additional compaction by a 6 Mg tractor traffic with four and eight passes, respectively.
The variables GMD and WMD significantly decreased in the surface layer from four tractor passes, with GMD ranging from 1.49 to 2.16 mm in CT and 1.26 to 1.92 mm in CTc4 and CTc8, whereas WMD ranged from 2.41 to 2.78 mm in CT and 2.32 to 2.65 mm in CTc4 and CTc8 (Table 2) . Aggregates > 2 mm underwent changes in the 0.05 mm layer from the initial number of passes, presenting results inversely proportional to aggregates < 2 mm, with values of aggregates > 2 mm varying from 57.5 to 75.1 mm in CT and 57.2 to 65.2 in CTc4 and CTc8, while aggregates < 2 mm ranged from 24.8 to 42.4 mm in CT and 34.7 to 42.7 mm in CTc4 and CTc8 (Table 2) .
The variable SPR ranged from 0.88 to 0.93 MPa in CT and 0.91 to 2.50 MPa in CTc4 and CTc8 in the 0.00-0.35 m layer (Table 3) . Two other important and influencing factors of SPR are Ds and Ms. Ds presented variations from 1.12 to 1.40 Mg m -3 in CT and 1.39 to 1.50 Mg m -3 in CTc4 and CTc8 (Table 4 ). In addition, Ms presented a small variance throughout the study area, with values ranging from 33.8 to 29.6 m 3 m -3 . Total porosity ranged from 0.47 to 0.55 m 3 m -3 in CT and 0.49 to 0.50 m 3 m -3 in CTc4 and CTc8, differing significantly from CT in relation to CTc4 and CTc8 in the 0.00-0.05 and 0.10-0.20 m layers. In this latter layer, all treatments differed from each other. The coefficient of variation presented values between 8% and 5%, low value as Cortez et al. (2014) , implying in a higher certainty of the data in relation to this attribute (Table 4) .
Soil macroporosity showed a significant difference (P < 0.01) in the 0.00-0.05 m layer in CTc4 and CTc8 (Table 4) . Moreover, this attribute ranged from 0.06 to 0.15 m 3 m -3 in CT and 0.05 to 0.07 m 3 m -3 in CTc4 and CTc8. However, Table 2 . Geometric mean diameter (GMD), weighted mean diameter (WMD), aggregates larger than 2 mm (> 2.00 mm), and aggregates smaller than 2 mm (< 2.00 mm) in different compaction levels and layers.
GMD ( 
DISCUSSION
Multivariate statistical techniques were used in this study since they are pointed out as an important tool in the study of soil physical quality indicators (Oliveira et al., 2015) , soil management analysis (Mantovanelli et al., 2015; Soares et al., 2016) , and crop productivity as a function of soil physical quality (Obour et al., 2018) . In fact, they are efficient in distinguishing conventional management with and without additional compaction, demonstrating the simultaneous effect of mechanized tillage on soil physical attributes (Figures 2 and 3) . These techniques were also efficient in distinguishing soil physical attributes most related to each treatment (Figures 2 and 3 In the cluster analysis, a cut in the Euclidean distance of four clusters was allowed, leading to a division of three groups. This shows the possibility of these attributes be considered as relevant by the multivariate analysis in understanding and planning strategies for an efficient soil use in the Amazon region (Toledo et al., 2009 ).
Principal component analysis was able to explain 89.39% (79.61% in PC1 and 9.78% in PC2), 69.81% (43.41% in PC1 and 26.40% in PC2), and 60.83% (42.10% in PC1 and 18.73% in PC2) of the total data variance in the 0.00-0.05, 0.05-0.10, 0.10-0.20 m layers, respectively. In the 0.00-0.05 m layer, GMD, WMD, Macro, Micro, aggregates > 2.00 mm and < 2.00 mm, SPR, and Ds contributed to the total data variance in PC1 and Micro in PC2 (Figure 3 ). Due to a great causeand-effect relationship among soil attributes, all these variables reflected changes in most of the physical attributes and, consequently, soil physical quality, which may be considered as strong indicators of compaction process, as also observed by other authors (Bergamin et al., 2010; Stefanoski et al., 2013) .
In PC1, only the attributes most associated with aggregate distribution and organization of soil structure (WMD and GMD) were more sensitive in CT, reinforcing that in the absence of induced compaction these variables were strongly changed by the normal conditions of tillage and use of soil. In the 0.00-0.05 layer, GMD decreased from CTc4, modifying aggregate structure close to the surface when compared to CT (Table 2 ). In fact, soils present a greater intensity of the compaction effects on the surface layers (Valicheski et al., 2012) . Valicheski et al. (2012) observed that in the 0.00-0.10 m layer, only the first two tractor passes were enough to cause soil aggregates to rupture, favoring particle approximation and, consequently, promoting soil compaction.
In the 0.05-0.10 and 0.10-0.20 m layers, WMD did not show a significant difference in relation to the surface layer. Studies carried out by Genro Júnior et al. (2004) revealed that the highest compaction level for WMD was close to the 0.10 m layer, but in this study, it was observed only in the 0.05 m layer.
The aggregate class > 2.00 mm in CTc4 and CTc8 showed a lower stability in the 0.00-0.05 m layer when compared to CT and, consequently, the aggregate class < 2.00 mm in CTc4 was inversely proportional when compared to the class > 2.00 m in the same layer (Table 2) . Cheong et al. (2010) observed that soil management carried out by using agricultural machinery and implements and the absence of cover crop cultivation provided a lower percentage of aggregates larger than 2 mm and WMD in the 0.05-0.10 m layer. According to Martins et al. (2010) , the absence of soil cover exposes aggregates to external disrupting forces such as rainfall and agricultural management.
Soil penetration resistance, determined in the 0.00-0.10 and 0.10-0.20 m arable layers, had a significant increase (P < 0.01) due to an increase in tractor traffic (Table 3) . Similarly, Collares et al. (2008) observed that the additional compaction exerted by four tractor passes increased SPR in the more superficial layers, and even when the soil presented a high moisture, resistance values remained above 2 MPa, which is limiting to plant growth (Lipiec et al., 2012) .
The values of SPR in the 0.20-0.35 m layer varied from 0.91 to 0.93 MPa, differing from the more superficial layers, with nonsignificant influence of the tractor wheels (P > 0.01) when compared to TC. Andrade et al. (2013) estimated SPR considered values ≥ 1.9 MPa as indicators of compacted soils, which was not observed in the 0.20-0.35 m layer of our study. However, the results of SPR presented in Table 3 may help in understanding the pressure required to perform management by using tractors and agricultural implements, which, are the cause of the mechanical impediment to root development.
When analyzing Ds (Table 4) , a negative effect of the pressure exerted by the tractor from four passes could be observed in the 0.00-0.05 m layer and, in the 0.05-0.10 m layer, only from eight passes. In the 0.10-0.20 m layer, the increase in compaction did not cause a reducing effect on Ds (P > 0.01). Ds values higher than 1.40 Mg m -3 can be considered as limiting to the growth of some cover plants (Pacheco et al., 2015) . Values above this limit were only observed in the 0.00-0.05 m layer, reaching 1.48 Mg m -3 in CTc4 and 1.50 mg m -3 in CTc8. However, these values did not exceed the critical density of 1.55 Mg m -3 proposed by Reichert et al. (2003) for medium textured soils, as in our study. The values of Ms varied inversely when compared to those of Ds and SPR (Table 4) , which means that the increased soil compaction restricts its ability to retain water. Therefore, moisture is considered as one of the most important factors in soil resistance due to compaction (Michelon et al., 2009 ). In the 0.00-0.05 and 0.05-0.10 m layers, Ms presented lower values in CT when compared to CTc4 and CTc8, contrasting with the results of Pezzoni , who worked on an Inceptisol and found higher values of Ms as tractor passes increased. Collares et al. (2008) observed an increase in SPR in the 0.00-0.05 m layer as water content decreased, thus causing an increasing mechanical impediment to the expanding roots. However, intense rainy periods may occur in the Amazon region, leading to water accumulation on the soil surface.
The variable Pt presented higher values in the 0.00-0.05 and 0.05-0.10 m layers of CT when compared to CTc4 and CTc8 (Table 4) . Deperon Júnior et al. (2016) worked on an Ultisol cultivated with corn and observed a higher value of Pt in the 0.00-0.10 m layer with no tractor traffic. This value was higher when compared to treatments with compaction levels with three, six, and nine tractor passes. On the other hand, Cortez et al. (2014) observed a reduced Pt up to a depth of 0.20 m in an Ultisol.
Soil macroporosity was influenced by the pressure exerted by tractor wheels, as well as other attributes previously mentioned. In the surface layer of 0.00-0.05 m, CT differed statistically from CTc4 and CTc8, with reduced Macro values ranging from 0.05 and 0.08 m 3 m -3 in treatments with additional soil compaction (Table 4 ). According to Roque et al. (2010) , macroporosity values lower than 0.10 m 3 m -3 , i.e. 10% of the total pores, are considered as limiting to root development. This can be observed in CTc4 and CTc8 reducing soil productive potential.
Treatments with traffic at different compaction levels in the 0.00-0.10 m layer did not significantly change (P > 0.01) Micro. This change was only observed in CTc8 in the 0.10-0.20 m layer (Table 4 ). Studies carried out by Giarola et al. (2009) on the effect of tillage systems on soil physical attributes also did not observe changes in the micropore volume. However, Bergamin et al. (2010) did not observe changes in soil microporosity even in the 0.20 m layer of CTc6, different from that observed in the studied Amazonian soil.
Thus, Amazon soils undergo changes in their physical and structural quality when submitted to the effects of agricultural machinery management and trafficability of tractors and implements. However, although this soil is susceptible to this management, with each layer varying as a function of each evaluated physical attribute, Amazonian soils respond differently when compared to soils of other regions, being necessary future studies with more deepening and taking into account plant response to this management type.
CONCLUSIONS
An intense increase in soil aggregate diameter was observed in the superficial soil layer (0.00-0.05 m) from four tractor passes, decreasing in the successive soil layers (0.05-0.20 m). Soil density increased up to a depth of 0.10 m. The reduced macroporosity and soil moisture on the soil surface (0.00-0.05 m) did not significantly alter soil microporosity in the different treatments. These results show a greater caution in the agricultural machinery management in Amazonian soils, which may be aggravated due to the intense water regime in the region.
